Exp.
Med Scoggin et al. 1978 ), but it is not yet certain whether hypercapnic ventilatory response is changed by physical trainig. In fact, the ventilatory response to hypercapnia after training has been reported to be decreased (Blum et al. 1979) , unchanged (Bradley et al. 1980; Hughson 1980 ) and increased (Kelley et al. 1984 ) as compared with pretraining. In an attempt to determine whether or not resting ventilatory response to hypercapnia is changed by physical training, we examined the effect of long-term athletic training on the resting hypercapnic ventilatory drive in normal male subjects.
We found that the slope of the ventilatory response line to hypercapnia at rest decreased after training for about 4 years as compared with before training.
METHODS
Nine male freshmen who ranged in age from 18 to 20 years in our university were studied. All subjects consented after the nature of the study had been explained. No particular clinical examination was carried out, but all subjects were physically active and in good health. A history of previous physical activity was obtained by questionnaire. All were untrained males who had not taken part in any regular physical conditioning for at least several years preceding the test. They belonged to the badminton team as freshmen after entering university in April of 1980 and regularly participated in their team's training for about 3 hr per day, 3 times a week. Although five out of nine subjects (hereafter called the trained group) belonged to badminton team and continued training for 4 years, the remainder (hereafter called the untrained group) had left the team in May or July 1980 and entirely free from regular physical training until graduation in March of 1984. The training consisted of mainly technical practice of badminton including running, calisthenics and weight lifting, etc. The trained subjects ran about 3 km every day except Saturday and Sunday as well as running in the team training for one year from April 1980 to March 1981.
All subjects came to the laboratory twice before training. On the first day, each subject was only familiarized with the apparatus and testing procedures ; all subjects were made to perform a preliminary test for hypercapnic ventilatory response and maximal exercise test. The actual experiment before training was conducted on a separate day at least one week after the first trial day. Measurements were made before physical training started (April 1980), and 6 times during training (July 1980, December 1980, April 1981, April 1982, May 1983 and April 1984) for 5 trained subjects (trained group). Same measurements were also conducted on April 1980 and May 1983 for the remainding 4 subjects (untrained group), whereas none of them was tested on April 1984.
Hypercapnic hyperoxic ventilatory response
The ventilatory response to carbon dioxide at rest was determined in the sitting position by the Read's rebreathing method (Read 1967 ). The subject rested on a comfortable chair for 30 min before the test. The experimental set up was similar to that described previously (Miyamura et al. , 1985 . A rubber bag with a capacity of about 10 liters was placed in an air-tight plastic box which was connected at one end to a spirometer (Benedict type, Fukuda, Tokyo) for recording tidal volume. The opposite end of the rubber bag was connected to a three-way stopcock. The rebreathing bag was filled with 6 liters of a gas mixture about 7% CO, in 02 . The subject was seated comfortably, the nose occluded and the mouth connected to the mouthpiece . After several breaths of room air, rebreathing started at the end of a maximal expiration and continued for 4 min . A continuous recording of alveolar PCO2 (PACO2) during rebreathing was obtained by drawing gas from the mouthpiece through an infrared CO, analyzer (Capnograph , Godart, The Netherlands). After passing through the analyzer , the gas sample was returned to the rebreathing bag. Minute ventilation (VE) was calculated for successive 30 sec intervals from tidal volume and respiratory frequency, and gas volume was corrected to BTPS conditions . The slope of the ventilatory response curve to hypercapnia was determined by fitting a straight line by the least squares to 30 sec data points during 4 min of rebreathing (the first 30 sec point was included): VE=S (PACO2-B), where S is the slope expressed as change in ventilation per unit change in PACO2 and B is the extrapolated intercept in the abscissa . Moreover, the breathing pattern was analyzed in terms of the slope and intercept (M and K) of the linear regression of ventilation on tidal volume as proposed by Hey et al . (1966) : VE = M (VT K).
Maximal treadmill exercise
The maximal exercise test was carried out on a motor driven treadmill with a constant grade of 8.6 %. Maximum oxygen uptake was determined in order to estimate aerobic work capacity using a progressive increamental loading technique. Each individual was weighed prior to testing. After electrographic leads had been placed for recording heart rate during exercise, the subjects warmed up for 3 min with a speed of 130 m/min on the treadmill. This warm-up was followed by a 3 min rest period, whereafter a maximal exercise test was conducted. The speed of the treadmill was selected so that the subject could run for 4-8 min before exhaustion ; the speed was increased by 10 m/min once every minute from the initial speed (120 in/min) to exhaustion. The inner diameters of the respiratory valve and connecting tube were 30 and 33 mm, respectively. Expired gas was collected for each minute into a Douglas bag during exercise up to the point of exhaustion. The collected gas volume was measured with a wetgasmeter, and concentrations of oxygen and carbon dioxide in the expired gas were analyzed by an infrared CO, analyzer (Capnograph, Godart, The Netherlands) and an 02 analyzer (S-3A, P.K. Morgan, England). These apparatus were calibrated with two calibration gases that had been checked by the Scholander microgas analyzer. Ventilatory response during maximal exercise was assessed by measuring the maximal pulmonary ventilation (VEmax) and ventilatory equivalent for carbon dioxide production (VE/VCO2). Table 1 summarizes average values and standard deviations for body height (BH), body weight (BW), maximum heart rate (HR max), maximum pulmonary ventilation (VEmax), maximum oxygen uptake (VO2max) and maximum oxygen uptake per kilogram of body weight (VO2max/BW) before and after training in the trained group. Although mean body weight increased significantly for 4 years, no significant differences were found in the body height. Individual values The mean values of M, which were obtained from the equation VE=M (VT -K), ranged from 22.9 to 14.6/min. No significant differences were found in the M before and after training, while it had a tendency to become reduced after training in the trained group. K values also did not change significantly by the physica training as shown in Table 3 . In addition, no significant difference was found 11 the slope of ventilatory response to hypercapnia at rest between baseline an( repeat studies in the untrained group (Table 4 ). Fig. 3 shows the relationship between maximum oxygen uptake (VO2max and CO, sensitivity (S) in the 5 subjects. CO, sensitivity was found to correlat negatively with maximum oxygen uptake in 4 out of the 5 subjects. Coefficien of correlation between VO2max and S was -0.43 (p<0.01) as a whole.
DISCUSSION
In man, maximum oxygen uptake is generally considered to be the best indicator for aerobic work capacity which in turn is determined by the capacity of oxygen transport systems. In this study, maximum oxygen uptake (VO2max) and maximum pulmonary ventilation (VEmax) were increased significantly after physical training for about 4 years. These findings agree substantially with data reported by previous studies (Astrand and Rodahl 1970) . Although the incre ment of VO2max was considered to be closely related to the increase of VEmax, there seems some discrepancy in parallel increase in both parameters. Leith and Bradley (1976) showed dissociation effects of strength versus endurance training of ventilatory muscles. In their study, the patients who trained for strength im (1983) concluded that in response to appropriate training stimuli inspiratory muscles can contract to shorter minimum lengths, the increment of VEmax after training could be attribute to greater muscle shortening of the inspiratory muscle.
As described previously, it has hitherto been accepted that the CO, sensitiv ity, S, measured by the slope of ventilatory response to carbon dioxide at rest, is lower in trained athletes than that of untrained subjects . Stegemann et al. (1975) hypothesized that endurance training resulted in a reduction in the ventilatory response to hypercapnia. Hughson (1980) conclud ed that, while the normal training response of resting bradycardia was observed following swimming training for 14 weeks, endurance swimming had no significant effect on the ventilatory response to CO, in the rat. Although the effect of physical training on hypercapnic ventilatory response in man has been investigated by a few authors, it has not been established whether or not the resting ventilatory response to hypercapnia is changed by the physical training ; contradictory results have been reported by different authors, e.g., decreased responsiveness by Blum et al. (1979) , unchanged responsiveness by Bradley et al. (1980) and increased responsiveness by Kelley et al. (1984) . First, the slope of ventilatory response curve to hypercapnia was determined by Read's rebreathing method in all four (Blum, Bradley, Kelley and Present) studies. Duplicate runs were performed for each rebreathing manuever in both experiments of Bradley and Kelley. In the experiment of Kelley, the rebreathing trials continued for 3-5 min until the subject voluntarily stopped or the CO, concentration in the circuit reached 9%. After a 10 min rest, the rebreathing was repeated. Then the slope of the two rebreathing trials was averaged. In our study, however, the rebreathing test was conducted only once for each subject since we observed in the previous study that S value in the high responders showed a tendency to decrease with successive trials with 30 min intervals . It is possible to assume that the number or measurement interval of the rebreathing test may influence the slope if high responders were included in the subjects. However, this assumption requires further investiga tion.
Secondly, we are unable to assume that the conflicting results is due to individual difference among subjects because there are no special differences in the subjects before starting the training ; the subjects who participated in the above four studies were untrained men, non-smokers and about the same ages. In training, however, the subjects trained regularly for a minimum of 30 min per week over a period of 6 to 8 weeks in the study of Bradley et al. (1980) and at least 2 hr per day, 5 day per week for seven months in the study of Kelley et al. (1984) , respectively. In the present study, the five out of nine subjects belonged to the badminton team after entering university in April 1980, and participated in their team training about 3 hr per day, 3 times a week, year round as a rule, until March 1984. Team training consisted of mainly technical practice of badminton includ ing running, calisthenics and weight lifting, etc. Aside from running in the team training, the subject ran about 3 km every day before taking lunch for one year from April 1980 to March 1981 except Saturday and Sunday. In additon, Bradley et al. (1980) reported that the possibility that long-term training may result in decreased responsiveness to CO, cannot excluded. Kelley et al. (1984) also suggested that a limited training period of 7 months may have a different effect than the years of training required for international competition. Accord-ingly, the length of the training was considered to be one of the important factors as to whether or not the CO, sensitivity was changed by the physical training.
On the other hand, it is of interest that the CO2 sensitivity measured in July of 1980 is significantly lower than that before training, and CO2 sensitivity measured in December of 1980 is higher than that in July 1980, while CO2 sensitivity decreased gradually with increasing training periods for 4 years (Fig.  2) . These results suggest that the slope of ventilatory response to hypercapnia may be influenced by training intensity ; it is likely that our trained subjects could not have trained sufficiently for about one month from September to October because the term examinations had been conducted during the above periods. Kelley et al. (1984) demonstrated increased CO2 responsiveness after training for 7 months, but the start of the training season was not reported. In other words, the discrepancy of results between Kelley and present studies might be different in the starting date of physical training or term examinations, even if training periods were relatively long in the study of Kelley and the subjects were novice athletes in both Kelley's and the present studies. However, further investigation is necessary to elucidate this problem.
In conclusion, maximum oxygen uptake increased significantly after prolonged physical training for about 4 years. Similar tendency was observed in maximum pulmonary ventilation and maximum oxygen uptake per kilogram of body weight. CO2 sensitivity as measured by the slope of ventilatory response to carbon dioxide at rest gradually decreased with increasing training periods and it was significantly lower after training as compared with before training. These results suggest that in normal subjects long-term physical training, as in the present study, increases aerobic work capacity and decreases CO, ventilatory responsiveness.
